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SUMMARY 
The bas i c  design p r inc ip l e s  f o r  obtaining high e f f i c i ency  i n  s i l i c o n  s o l a r  cel ls  
They c r i t i c a l l y  involve very long minori ty  carrier l i f e t i m e s ,  not  so  are reviewed. 
much t o  a t t a i n  high co l l ec t ion  e f f i c i ency ,  but pr imari ly  f o r  increased output vol tages .  
Minority carrier l i f e t i m e ,  however, i s  s e n s i t i v e  t o  r a d i a t i o n  damage, and p a r t i c u l a r l y  
i n  low r e s i s t i v i t y  s i l i c o n ,  on which the  high e f f i c i ency  design is  based. Radiation 
r e s i s t a n t  space cells w i l l  therefore  have t o  follow d i f f e r i n g  design p r inc ip l e s  than 
high e f f i c i ency  terrestrial c e l l s .  
DESIGN VIEWPOINTS DERIVABLE FROM AN IDEALIZED CELL STRUCTURE 
I n  the  simple s o l a r  cel l  s t r u c t u r e ,  which c o n s i s t s  only of one l aye r  f o r  each of 
t he  th ree  regions ( f ron t ,  deplet ion,  and base r eg ion ) l )  , t h ree  l i g h t  generated cur ren t  
components flow (one each from the  th ree  reg ions) ,  which a l l  need to  be maximized f o r  
b e s t  co l l ec t ion  e f f ic iency .  I n  addi t ion ,  two i n j e c t i o n  cur ren t  components flow i n  
forward b i a s  operat ion (one i n t o  the  base and one i n t o  the  f r o n t  region) which need 
t o  be minimized t o  achieve high output vol tages .  Optimum performance f o r  t e r r e s t r i a l  
appl ica t ions  o r  BOL space se rv ice  i s  achieved when t h e  sur face  recombination veloci-  
ties both a t  the  f r o n t  and a t  t he  back surfaces  are zero (Fig. 1 ) .  Then the  device 
design involves a trade-off between l i g h t  generated and open c i r c u i t  vo l tage ,  t o  
a t t a i n  maximum power output.  This trade-off involves pr imari ly  the  thickness  of the  
base region. The optimum design a l s o  ind ica t e s  impurity concentrat ions j u s t  a t  the  
onset  of Auger recombination, equal i n  both t h e  f r o n t  and the  base regions,  when 
secondary, technology dependent e f f e c t s ,  such as series r e s i s t ance  r e l a t e d  lo s ses ,  
are d e a l t  with separately.  
The considerat ion of t he  simple device s t r u c t u r e  shows t h a t  the  bas ic  device 
does not  r equ i r e  t h e  proper t ies  of an "emitter" f o r  t he  f r o n t  region, and t h a t  the  
open c i r c u i t  vo l tage  monotonously increases  with increasing minority c a r r i e r  l i f e t i m e ,  
while t he  c o l l e c t i o n  e f f i c i ency  e s s e n t i a l l y  s a t u r a t e s  as long recognized2). 
t he  h ighes t  poss ib le  performance, the  h ighes t  technological ly  achievable minority 
c a r r i e r  l i f e t i m e  is thus needed. 
To gain 
While, p r inc ipa l ly ,  improved open c i r c u i t  vo l tages  are expected from increasing 
dopant concentrat ions,  t h e  onset  of d i r e c t ,  band-to-band Auger recombination sets a 
bas i c  l i m i t  t o  t h i s  trend,2) (Fig. 2 ) ,  as does bandgap narrowing3). Thus, an optimum 
impurity concentrat ion w i l l  be reached j u s t  before  Auger recombination causes a down- 
tu rn  of the  power output  with a f u r t h e r  increase  of t h e  impurity concentrat ion.  I n  
consequence of t h i s  observation, a high e f f i c i ency  s o l a r  ce l l  design should avoid 
very high doping concentrat ions a t  which the  heavy doping e f f e c t s  have a s i g n i f i c a n t  
inf luence on the  device performance. There exist some doubts, however, on the  
cur ren t ly  accepted values  of Auger recombination 4 )  and bandgap narrowing5) i n  depen- 
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dence on the  dopant concentrat ion.  
e f f e c t s  has been a t t a i n e d ,  t he  s o l a r  ce l l  design philosophies might change s l i g h t l y .  
After  b e t t e r  information on these  heavy doping 
Both the  maximum idea l ized  e f f i c i ency  and t h e  dopant concentrat ion a t  which t h i s  
e f f i c i ency  is obtained, (Fig. 3 ) ,  depend on the  minori ty  carrier l i f e t i m e  model chosen. 
The th ree  models f o r  t he  dependency of t h e  minori ty  c a r r i e r  l i f e t i m e  on dopant con- 
cen t r a t ion ,  on which t h e  th ree  e f f i c i ency  curves of Fig. 3 are based, are shown i n  
Fig. 4 6). 
sec t ion ,  but similar curves could have been obtained with the  simple model). 
(Fig. 3 is based on a more de t a i l ed  s o l a r  cel l  model ou t l ined  i n  the  next  
REALISTIC STRUCTURES FOR HIGH EFFICIENCY TERRESTRIAL SOLAR CELLS 
After  t he  considerat ions on t h e  idea l ized  s t r u c t u r e ,  t h e  question arises t o  what 
degree such high performance may be approximated i n  real is t ic  c e l l  s t ruc tu res?  
The f i r s t  obs t ac l e  t o  zero su r face  recombination ve loc i ty  on t h e  back sur face ,  
A s u i t a b l e  high/low junc t ion  s t r u c t u r e  with a t h i r d ,  more heavi ly  
appears  t o  be t h e  ohmic contac t  which represents  a su r face  recombination ve loc i ty  
near 106 cm s-1. 
doped base l aye r  of s i g n i f i c a n t  thickness ,  can accomplish a t r anspor t  ve loc i ty  t rans-  
formation from values  near 106 cm s-1 down t o  20 c m  s-1 a t  the  i n t e r f a c e  between t h e  
narrow base l aye r  and the  high/low junc t ion  (Fig. 5). 
value f o r  c l o s e  pproximation of zero sur face  recombination ve loc i ty  a t  t h e  back of 
This is an adequately low 
the  base layer .  67 
For the  f r o n t ,  however, a similar approach i s  not  appropriate ,  as the  r e l a t i v e l y  
th i ck  t h i r d ,  more heavi ly  doped l a y e r  would diminish the  c o l l e c t i o n  e f f ic iency .  How- 
ever,  a s t r u c t u r e  as i l l u s t r a t e d  i n  Pig.  6 could form an appropr ia te  remedy. Here, 
the  t h i r d  l aye r  exis ts  only under the  ohmic contac ts  which are represented by the  
g r id  l i n e  and bus l i n e  p a t t e r n  on t h e  f r o n t  su r f ace  of t he  cell. The light-exposed 
sur face  is  located d i r e c t l y  on t h e  less heavi ly  doped f r o n t  layer .  Its sur face  re- 
combination ve loc i ty ,  as i t  r e s u l t s  from the  f a b r i c a t i o n  processes appl ied ,  would . 
normally be too high t o  allow adequately high performance. P a r t i c u l a r l y  the  inf luence 
on the  s a t u r a t i o n  cu r ren t  which determines the  open c i r c u i t  vol tage,  would reduce 
performance. Thus, adequate means f o r  reduct ion of t he  sur face  recombination ve loc i ty  
t o  values  near 100 c m  s-1 on the  open f r o n t  su r f ace  w i l l  s t i l l  be needed. 
oxides o r  induced accumulation l a y e r s  (MIS s t ruc tu res )  may accomplish t h i s  r e s u l t .  
MIS approaches can a l s o  be used t o  reduce the  e f f e c t  of t he  high sur face  recombination 
v e l o c i t y  of t he  ohmic contac t ,  similar t o  the high/low junct ion-third l aye r  combina- 
t ion. 
Doped 
Appropriately applying these  measures i n  combination can achieve a performance 
comparable t o  that, of t he  idea l ized  device of Fig. 1. It may be noted t h a t ,  i n  the  
computation of t he  idea l ized  e f f i c i ency  da ta ,  a textured f r o n t  sur face  (oblique 
photon penetrat ion)  and an i n t e r n a l l y  o p t i c a l l y  r e f l e c t i n g  back sur face  w e r e  in- 
cluded. Also, f o r  a r e a l i s t i c a l l y  achievable c e l l ,  including f r o n t  sur face  shading 
by me ta l l i za t ion ,  series r e s i s t a n c e  l o s s e s ,  a non-ideal a n t i r e f l e c t i o n  coat ing,  
etc., t he  performance d a t a  have t o  be reduced t o  about 90% of t h e  values  given here.  
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CELL DESIGN FOR HIGH PERFORMANCE AFTER ENERGETIC PARTICLE EFFECTS 
The high s o l a r  cel l  performance discussed i n  the  preceding paragraphs, i s  
achievable only with very l a r g e  d i f f u s i o n  lengths  i n  both t h e  f r o n t  and t h e  base 
regions of t h e  device. I n  most space missions,  however, t he  r a d i a t i o n  environment 
r ap id ly  reduces t h e  minori ty  carrier l i f e t i m e  (Fig. 7)  7). 
( so l id  l i n e s  of Fig. 7) apply t o  s o l a r  cel ls  of r a t h e r  l imi t ed  d i f f u s i o n  lengths ,  
while t h e  devices discussed i n  t h e  preceding paragraphs would start  with s u b s t a n t i a l l y  
longer values.  However, they would fol low t h e  dashed curve under the  inf luence of 
nuclear  p a r t i c l e  f l u x  u n t i l  t h e i r  approximation t o  t h e  o r i g i n a l  s t r a i g h t  l i n e .  Thus, 
f o r  1 MeV e l e c t r o n  equivalent  nuclear  r a d i a t i o n  f luxes ,  a t  t h e  f luence level of 101.5 
t o  1016 cm-2, no advantage would be derived from the  o r i g i n a l  high d i f f u s i o n  lengths .  
In design computations f o r  a s o l a r  ce l l  s t r u c t u r e  corresponding t o  Fig. 6 6), a para- 
metric study f o r  t h e  optimum base l a y e r  thickness  as funct ion of t h e  minority carrier 
l i f e t i m e  i n  t h e  base w a s  c a r r i e d  ou t  (Fig. 8 ) ,  y i e ld ing  both the  optimum base thick- 
ness  and the  maximum e f f i c i e n c y  achievable f o r  a given minori ty  carrier l i f e t i m e .  
At: a 1 MeV equivalent  f luence of 1016 cm-2, t h e  minority carrier l i f e t i m e  would have 
decreased t o  35 n s  according t o  Fig. 7 ,  and t h e  corresponding e f f i c i ency  would be 14% 
with a base l a y e r  thickness  of 30 vm. 
The o r i g i n a l  curves 
It i s  evident t h a t  t h e  design f o r  optimum EOL (end of l i f e )  performance of sili- 
con s o l a r  ce l l s  w i l l  r e q u i r e  very t h i n  s i l i c o n  wafers, bu t  w i l l  s t i l l  no t  be a b l e  t o  
exceed a performance l e v e l  near 14% (AMO). It should be noted t h a t  t he  p r i o r  compu- 
t a t i o n s  were c a r r i e d  out  f o r  optimum ce l l  performance under AM1 conditions.  It w i l l  
be necessary t o  c a r r y  out similar computations f u r  an optimum performance a t  EOL under 
AMO. I n  f a c t ,  t he  26.7% (AMI.) e f f i c i e n t  ce l l  shows 23.9% e f f i c i ency  f o r  AM0 (BOL). 
While t h e  terrestrial s o l a r  c e l l  optimization w a s  based on t h e  use of low resis- 
t i v i t y  s i l i c o n ,  i t  is w e l l  known t h a t  t h i s  type of s i l i c o n  is  more r a d i a t i o n  s e n s i t i v e  
than higher r e s i s t i v i t y  material (Fig. 9 ) .  Thus, a r a d i a t i o n  r e s i s t a n t  design may 
include a trade-off towards t h e  use of higher r e s i s t i v i t y  material. While the  damage 
c o e f f i c i e n t  f o r  d i f f u s i o n  l eng th  (Fig. 9) is  reduced by approximately a f a c t o r  of 3 
i n  going from 152 cm (p = 1 .5  x 1016 cm-3) t o  1052 cm r e s i s t i v i t y  (p = 1.3 x 1015 cm-3) ,  
t h e  minority carrier mobil i ty  decreases from approximately 1000 t o  750 cm2 V-1s-1 , 
so  t h a t  the  e f f e c t i v e  change i n  t h e  damage c o e f f i c i e n t  f o r  minori ty  carr ier  l i f e t i m e  
i s  only approximately 2.25. Nevertheless,  t h i s  d i f f e rence  i n  minority carrier l i f e -  
t i m e  damage c o e f f i c i e n t  w i l l  have a s i g n i f i c a n t  inf luence on the  u l t ima te  design of 
a r a d i a t i o n  hardened, high performance s i l i c o n  s o l a r  cell .  
CONCLUSION 
The p r i n c i p l e s  of r a d i a t i o n  r e s i s t a n t  s i l i c o n  s o l a r  ce l l  design are opposing 
those of high e f f i c i e n c y  design, p a r t i c u l a r l y  i n  t h e  areas of s e l ec t ed  resist ivit ies 
and minori ty  carrier l i f e t i m e s .  An optimum EOL c e l l  design needs s t i l l  t o  be derived, 
but  i t  is  l i k e l y  t o  be based on very t h i n  s i l i c o n  wavers. 
t h a t  t h e  optimum EOL designs f o r  d i f f e r e n t  r a d i a t i o n  environments w i l l  d i f f e r ,  and 
w i l l  be f a r  from optimum a t  BOL. On t h e  o the r  hand, an optimum EOL design may no t  
show much output degradation throughout its l i f e .  
A disadvantage w i l l  be  
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Fig. 2. Efficiency ?I of the  ideal ized s o l a r  c e l l  s t r u c t u r e  i n  dependence 
on the majori ty  c a r r i e r  concentrat ion CB i n  the base region. The 
numerals i nd ica t e  the  nominal f r o n t  region thickness x j  and the  
t o t a l  ce l l  thickness d ,  a t  which optimum performance i s  achieved. 
Used as a parameter is the  r a t i o  of t he  impurity concentrations i n  
the  f r o n t  (ND) and base (NA) regions,  respect ively.  
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Fig. 8. Ef f ic iency  a s  funct ion of t h e  thickness  of t h e  less heavi ly  doped base 
l aye r ,  with minori ty  c a r r i e r  l i f e t i m e  i n  t h i s  l aye r  as parameter. The 
dashed curves do not  permit the  l i f e t i m e  i n  t h e  more heavi ly  doped base 
l aye r  (p+ l ayer )  t o  exceed t h a t  of t h e  p-layer. A l l  o ther  parameters 
kept cgnatant .  
Fig,  9. Dependence of the damage c o e f f i c i e n t  5 
f o r  d i f f u s i o n  l eng th  on e l ec t ron  
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SURFACE EFFECTS I N  HIGH-VOLTAGE SILICON SOLAR CELLS* 
A. Meulenberg, Jr., and K.A. Arndt 
COMSAT Laboratories 
Clarksburg, Maryland 
E X TE N DE D AB ST RACT ** 
The i n f l u e n c e  o f  sur face  recombinat ion v e l o c i t y  (SRV) on e m i t t e r  dark cur-  
r e n t ,  and t h e r f o r e  on c e l l  open-c i r cu i t  vo l tage  Voc, has necess i ta ted  t h e  use 
of low area "dotn1 contac ts  t o  reduce a major source o f  t h i s  dark c u r r e n t  ( r e f .  1 ) .  
Once t h e  con tac t  area i s  reduced s u f f i c i e n t l y  ( o r  M I S  con tac ts  used t o  reduce 
SRV a t  t h e  con tac ts ) ,  t h e  major source o f  dark  c u r r e n t  f rom t h e  e m i t t e r  o f  a 
sha l low j u n c t i o n  s o l a r  c e l l  i s  t h e  o x i d e - s i l i c o n  i n t e r f a c e  i t s e l f .  
i n g  e f fec ts  i n f l u e n c e  a l l  c e l l s ,  and Auger recombinat ion i s  t h e  major problem 
i n  deep j u n c t i o n  s o l a r  c e l l s . )  
t h i s  i n t e r f a c e  w i l l  i n f l u e n c e  bo th  t h e  b lue  response and t h e  V o c  o f  such a 
c e l l ,  and t h e r e f o r e  must be reduced as much as poss ib le .  
The SRV of a s o l a r  c e l l  i s  increased and t h e  b l u e  response decreased by 
de fec t  s i t e s  near t h e  i n t e r f a c e  and by e l e c t r i c  f i e l d s  which draw m i n o r i t y  car-  
r i e r s  t o  t h e  i n te r face .  The SRV c o n t r i b u t i o n  i o  t h e  e m i t t e r  dark c u r r e n t  i s  
a l s o  increased by heavy doping e f f e c t s  which c rea te  bandgap narrowing, even i n  
t h e  v i c i n i t y  o f  t h e  i n t e r f a c e .  
recombinat ion v e l o c i t y  of h e a v i l y  doped s i l i c o n  surfaces. 
i nvo l ved  d i f f u s e d  n p s t ruc tu res ,  bu t  a comparison was a l s o  made w i t h  low 
doped M I S  s t ruc tu res .  
poor i n t e r f a c e  c h a r a c t e r i s t i c s  so t h a t  pass i va t i ng  ox ide  g e n e r a l l y  needs t o  be 
grown p r i o r  t o  a p p l i c a t i o n  o f  t h e  AR coat ing .  So la r  c e l l  process ing a t  COMSAT 
Labora tor ies  has t r a d i t i o n a l l y  used thermal o x i d a t i o n  o f  tan ta lum meta l  t o  form 
t h e  AR c o a t i n g  and t o  pass i va te  t h e  sur face  s imul taneously  ( r e f .  2). Dur ing 
t h e  e a r l y  s tud ies  on t h i s  ma te r ia l ,  i t  was d iscovered by C-V techniques t h a t  
s i g n i f i c a n t  negat ive  char  e was c rea ted  and t rapped i n  t h e  Ta2O5 du r ing  t h e  
o x i d a t i o n  process ( r e f .  3y. C e l l s  f a b r i c a t e d  i n  t h e  e a r l y  p o r t i o n  o f  t h i s  e f -  
f o r t  u t i l i z e d  t h i s  process w i t h o u t  a l t e r a t i o n .  
To improve t h e  t r a d i t i o n a l  AR coat ing,  i t  was found t h a t  a p p l i c a t i o n  o f  
p o s i t i v e  s t a t i c  charge ( r e f .  4 )  t o  t h e  f r o n t  o f  t h e  AR c o a t i n g  d i d  n o t  a l t e r  
t h e  c e l l  c h a r a c t e r i s t i c s .  
750' C, 30-minute o x i d a t i o n  p r i o r  t o  fo rming  the  contact ,  t h e  c e l l  became q u i t e  
s e n s i t i v e  t o  such sur face charge. F igu re  1 i n d i c a t e s  t h e  i n f l u e n c e  of p o s i t i v e  
charge on shal low j u n c t i o n  s o l a r  c e l l  I - V  c h a r a c t e r i s t i c s .  
t i o n s  as deep as 1 / 5  pm have d isp layed s i m i l a r  e f f e c t s .  
(Heavy dop- 
Recombination and genera t ion  o f  c a r r i e r s  a t  
A s e r i e s  of experiments was performed i n  a at tempt  t o  reduce t h e  sur face  
Most o f  t h e  e f f o r t  
A n t i r e f l e c t i n g  coa t ings  deposi ted d i r e c t l y  on a s i l i c o n  sur face  p rov ide  
However, when t h e  AR c o a t i n g  was subjected t o  a 
C e l l s  w i t h  junc- 
As expected, t h e  more 
*This  paper i s  based upon work performed a t  COMSAT Labora to r ies  under t h e  
sponsorship o f  t h e  Communications S a t e l l i t e  Corporat ion and supported i n  p a r t  
by  NASA Lewis under Cont rac t  NAS3-22217. 
* *Fu l l  t e x t  t o  appear i n  t h e  1 6 t h  Pho tovo l ta i c  S p e c i a l i s t s  Conference, San 
Diego, C A Y  September, 1982. 
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heavily doped surfaces showed the least response to charge. 
must either reduce or compensate the charge in the TA20 
step adds about 5 mV to the averge open-circuit voltage even with no surface 
charge. 
than those in 650-mV, diffused ce1ls.l The implication i s  that the SRV of 
the MIS structure is lower than that of diffused cells and/or that the inver- 
sion layer is better than the diffused layer. A third possibility is that 
simple oxidation of a heavily doped and/or diffused layer cannot provide a 
well-passivated surface. 
The oxidation step 
This oxidation 
or it must remove 
defect sites th't pin the Fermi level locally at the in 5 erface. 
MIS cells have been fabricated (fig. 2) that exhibited dark currents lower 
Major conclusions of this study are as follows: 
a. Surface recombination velocity is the major limitation of shallow 
junction solar cells. 
b .  Proper surface passivation allows significant influence on blue 
response and Voc by use of static charge applied to the surface. 
Surface passivation of heavily diffused surfaces does not appear to 
break an apparent Voc barrier for diffused cells at -655 mV. 
c. 
d .  MIS structures have shown greater potential for high Voc, probably 
as a result of lower SRV at the oxide-zilicon interface. 
REFERENCES 
1. Rittner, E. S.; Meulenberg, A.; and Allison, J. F.: Dependence of 
Efficiency of Shallow Junction Silicon Solar Cells on Substrate Doping. 
Journal of Energy, vol. 5, no. 1, January-February 1981, pp. 9-14. 
Thermally Growm Tantalum Oxide Interface. 
Devices, vol. ED-23, no. 5, May 1976, pp. 527-529. 
Niobium Oxide Antireflection Films in Silicon Solar Cells. COMSAT Tech- 
nical Review, vol. 6, no. 1, Spring 1976, pp. 57-69. 
2. Revesz, A. G.; and Allison, J. H.: Electronic Properties of the Silicon- 
I E E E  Transactions on Electron 
3. Revesz, A. G.; Allison, J. F.; and Reynolds, J. H.: Tantalum Oxide and 
4. Lam, Y. W . ;  Green, M. A; and Davies, L. W . :  Electrostatic Effects in 
Inversion-Layer Metal-Insulator-Semiconductor Solar Cells. Applied 
Physics Letters, vol. 37 (E'), December 15, 1980, pp. 1087-1089. 
14 
140 
8 12G 
R ; 100 
* -  
I- i I L  - \ \  
Figure 1. - The influence of posi t ive surface charge on a shallow junction 
so lar  c e l l .  The upper  curve of each pa i r  i s  f o r  the  c e l l  when charged. 
Figure 2. - The IV characa ter i s t ics  o f  an MIS c e l l  (0.h-cm substrate ,  -100 a 
Er + -50 a Cr + Plated Grids, No AR Coating). 
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